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Table 3 Comparison of maintenance effects under different maintenance strategies
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CBM — 37 — — 97.50 835.07 73
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Table 4 Cost comparison under different maintenance intervals
TBM ARICTT
WA/ A — S e - - — - -
ey ASHURA/ TTT A AR/ T T ey EHLEA/ IO I
1 30 149. 59 1 932. 64 8 26.55 526.95
2 27 233.90 1723.20 7 26. 85 452.47
3 22 348. 88 1 508. 82 5 29. 64 222.75
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18 9 1251.95 2 253.95 3 74.55 513.71
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Optimizing opportunistic maintenance for offshore wind turbines. addressing

uncertainty in life prediction
Li Yanan, Zhang Xinsheng, Wu Chunyang, Zhang Zhenlong, Su Jia

(School of Management, Xi’an University of Architecture and Technology, Xi’an 710055, China)

Abstract; This study introduces a multi-strategy collaborative optimization approach to enhance maintenance decision-making in offshore
wind turbines amidst uncertainties in lifetime prediction. In contrast to conventional deterministic strategies, the proposed method
integrates uncertainty directly into the optimization framework, ensuring a thorough balance between cost and risk considerations.
Initially, a dynamic probabilistic modeling scheme is employed to represent the time-varying nature of prediction errors. By developing a
residual life prediction error model grounded in time-dependent probability distributions, this approach effectively captures the evolving
stochastic characteristics inherent in degradation forecasts. Second, a cumulative maintenance risk quantification model is developed
within the Conditional Value-at-Risk ( CVaR ) framework. This model addresses the asymmetric impacts of prediction errors on
maintenance outcomes and offers a comprehensive measure of risk exposure. Monte Carlo sampling is utilized to generate sets of
uncertain scenarios, facilitating robust estimation of potential loss distributions. Leveraging these models, a hierarchical maintenance
strategy is formulated that integrates corrective, preventive, and opportunistic maintenance into a cohesive framework. To optimize both
maintenance costs and operational risks throughout the turbine’s life cycle, a multi-objective maintenance optimization model is
established. The Nondominated Sorting Genetic Algorithm II (NSGA — 1 ) is employed to solve this model, facilitating efficient
exploration of the Pareto frontier and enabling coordinated optimization of strategy selection and decision thresholds. Case study results
confirm the effectiveness of the proposed approach, demonstrating that the optimized strategies significantly reduce maintenance costs
while precisely quantifying and mitigating operational risks. Notably, the integration of probabilistic modeling with scenario-based risk
evaluation ensures that maintenance policies remain robust against various sources of uncertainty. In conclusion, the proposed method
not only enhances the economic efficiency of offshore wind turbine operations and maintenance but also establishes a rational trade-off
between cost and risk. These contributions provide a systematic and practical decision-support framework that can be applied to other
complex engineering systems facing similar uncertainty-driven challenges.

Key words: safety engineering; offshore wind turbine; lifetime prediction error; opportunistic maintenance; conditional value-at-risk ;

multi-objective optimization
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